Although vasoconstrictor drugs have been widely used for many years in the treatment of hypotension and shock, their clinical value is still the subject of much controversy (1) . Norepinephrine has been recommended for support of the blood pressure in shock occurring in a wide variety of clinical settings (2) (3) (4) (5) , but Nickerson (6) claims that its vasoconstrictor effect is deleterious and that it increases blood pressure at the expense of a further reduction in blood flow.
Studies of the hemodynamic effects of norepinephrine in animal shock models have given conflicting results. The rise in blood pressure induced by norepinephrine in hemorrhagic shock in dogs has been attributed to increases in cardiac output in some studies (7) (8) (9) , but others have shown increases only in peripheral resistance (10) or in both output and resistance (11) . Circulatory effects also have been shown to vary at different stages of the hemorrhagic shock procedure (12, 13) .
Hemodynamic responses to norepinephrine have been studied extensively in normal subjects, but observations in hypotensive patients have been limited because of the difficulties encountered in performing studies on such acutely ill individuals. Gilbert and his associates (14) reported a slight fall in cardiac output during the infusion of norepinephrine in four patients with septic shock, whereas one of two hypotensive patients studied by Sambhi, Weil, Udhoji, and Rosoff (15) exhibited an increase in cardiac output. Smulyan, Cuddy, and Eich (16) found that norepinephrine increased the cardiac output in three of six patients * Submitted for publication February 17, 1965 ; accepted May 20, 1965. t Address requests for reprints to Dr. Jay N. Cohn, Veterans Administration Hospital, Washington, D. C.
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with shock associated with sepsis or myocardial infarction.
The introduction into clinical use of synthetic angiotensin II has made available a nonadrenergic vasoconstrictor agent that has been advocated for the treatment of clinical hypotension (17) (18) (19) . Although numerous reports have attested to its potency as a pressor agent in man (20) (21) (22) (23) (24) , some authors have warned against its clinical use, particularly in cardiogenic shock (25) (26) (27) , because of suspected adverse effects on myocardial function.
The present report analyzes hemodynamic data obtained at the bedsides of hypotensive patients during the infusion of norepinephrine and angiotensin. The results indicate that the effects of these drugs are different and that the hemodynamic response in hypotension may vary depending on the circulatory status of the patient when therapy is initiated.
Methods
Patients. Thirty-one male patients on the medical wards of the Veterans Administration Hospital were studied. All were critically ill and had either become acutely hypotensive or were in a state recognized by the attending physician as clinical shock, characterized by cool, moist skin, low or unobtainable auscultatory blood pressure, oliguria, and disturbed mentation. Hypotensive patients were studied in the absence of other clinical signs of shock if, in the course of a severe medical illness, systolic blood pressure fell to levels below 90 mm Hg and the attending physician felt that pressor therapy was urgently required. Patients with a history or signs of significant blood loss were excluded. In many, the precise cause of the hypotensive episode was not clear to the attending physicians at the time of study. Table I lists the established diagnoses that may have been important in the development or persistence of the hypotensive state in these 31 patients. The patients ranged in age from 37 to 84 years with a mean of 61.7 years. They had diseases often involving multiple systems with a high incidence of complicating infections.
Procedures. Studies were performed at the bedside by a method previously described (28) . Femoral arterial pressures were recorded through a Cournand needle, using a P23Db strain gage transducer,' carrier preamplifier, and two-channel direct writing recorder.2 Right atrial pressure was measured from a vinyl catheter advanced into the heart through a 14-gauge thin-wall needle in the femoral vein. Mean pressures were obtained by electrical integration. Cardiac output was determined by the dye dilution method. Indocyanine green was injected rapidly into the right atrium while femoral arterial blood was drawn through a cuvette densitometer 8 by a constant rate withdrawal pump. 3 Some of the patients were studied either before the administration of vasopressor drugs or an hour or more after a pressor agent had been discontinued. After control hemodynamic observations, l-norepinephrine (Levophed) or angiotensin II 4was begun at an infusion rate adjusted as well as possible to maintain systolic blood pressure between 100 and 120 mm Hg. Repeat hemodynamic studies were performed when blood pressure was stable with a constant infusion of the drug. In those patients in whom a pressor drug was being administered at the time of study, initial studies were performed during the infusion of either l-norepinephrine or angiotensin II. The drug was then stopped, and blood pressure was allowed to fall to a stable level before control hemodynamic observations were made. Norepinephrine was administered to 24 patients, and angiotensin was given on 31 occasions to 28 patients. In those subjects given both drugs, blood pressure was allowed to fall to a stable control level between the two drug infusions.
Cardiac output was calculated from the dye curves by the standard Stewart-Hamilton method (29) . Values reported for cardiac output represent averages of at least two serial determinations varying less than 10%. Total peripheral vascular resistance (PVR), left ven-tricular stroke work (LVSW), and central blood volume (CBV) were calculated from the formulas:
and CBV (ml) CO X MAP X 13.6 HRX 1,000
where MAP is mean arterial pressure in millimeters Hg; RAP is mean right atrial pressure in millimeters Hg; CO is cardiac output in milliliters per minute; HR is heart rate; and MTT is mean transit time in seconds from the right atrium to the femoral artery, computed from the recorded dye curve and the dye appearance time corrected for delay in the sampling system. Blood volume was measured using a calibrated injection of T-1824 (30) . All measurements reported were performed during a control period when no pressor drug was being infused. At least four arterial blood samples were collected from 10 to 40 minutes after injection of T-1824, and the slope of disappearance of the dye was extrapolated semilogarithmically to the time of injection for measurement of plasma volume. The long sampling time and extrapolation method were used to avoid inaccuracy because of delayed intravascular mixing. Total blood volume was calculated from the plasma volume using the arterial hematocrit, which was corrected for trapped plasma (31) and multiplied by 0.91 to correct for the discrepancy between large vessel and total body hematocrit (32) . Blood volumes were determined by this method in 22 hospitalized male subjects without diseases known to affect blood volume. Average value in these control subjects was 69 + 8 (SD) ml per kg.
Results

Norepinephrine
Pertinent hemodynamic observations made during the administration of norepinephrine to 24 hypotensive patients are shown in Table II Blood pressure and heart rate. A satisfactory pressor response was obtained in all 24 subjects with a rise in mean arterial pressure averaging 61% of control levels ( Figure 1 ). The dose of norepinephrine required ranged from 1.6 to 48 pg per minute and averaged 21 ug per minute.
Heart rate increased slightly but significantly during the infusion of norepinephrine, rising from an average of 100 to 105 beats per minute. The changes were not striking in most patients and indicated that effects on heart rate were not of prime importance in the systemic response to the drug. Some patients developed evidence of myocardial irritability during the infusion, but premature beats usually could be controlled by slowing of the infusion rate. In no instances in this group of patients did an arrhythmia require discontinuation of the norepinephrine.
Cardiac output and peripheral vascular resistance. Cardiac output increased in all but five of the patients, rising by a mean of 1,091 ml per minute (34%) (Figure 1 ) during the infusion of norepinephrine. Control cardiac output was less than 5 L per minute in 22 of the patients. In four of these the output was restored to a normal level by norepinephrine. Two subjects had high cardiac outputs in the control period. One (J.V.) had post-traumatic visceral arteriovenous fistulae, and the other (L.H.) had severe Laennec's cirrhosis. Both exhibited a further increase in output during norepinephrine infusion. Three of the five patients whose outputs failed to increase (J.F., C.D., and B.F.) had control cardiac outputs only slightly less than 5 L per minute and developed cardiac slowing during the administration of the drug.
Total blood volume was measured in 15 of the patients (Table III) . Although none had a history suggestive of blood volume loss, the measured volume was more than 1 SD below the predicted normal value in seven patients. Only one of these hypovolemic patients had a rise in cardiac output of over 700 ml per minute during administration of norepinephrine, whereas five of the eight normovolemic patients augmented their outputs by more than 1,200 ml per minute (Figure 2) . Calculated peripheral vascular resistance was in- Figure 1 ). Left ventricular stroke work was increased strikingly during the administration of norepinephrine, as a result of an increase in-both stroke volume and arterial pressure. Central blood volume and right atrial pressure. Twelve patients had a measured increase of over 100 ml in central blood volume during the infusion of norepinephrine. In three others central blood volume fell, whereas in the remaining eight patients no significant change was noted. The mean increase for the entire group was significant (p < 0.01).
The importance of adequate blood volume for displacement into the central circulation can be noted from analysis of the 11 patients who did not experience a significant increase in central blood volume from norepinephrine. Blood volume was measured in seven of these patients, and in six it was reduced more than 1 SD below the predicted normal value.
The mean change in right atrial pressure during norepinephrine infusion was not significant. Eleven patients had an elevated right atrial pressure during the control period, suggesting an element of right ventricular decompensation. In eight of these patients, administration of norepinephrine was associated with either no change or a fall in right atrial pressure. In the other three patients (C.H., A.A., and J.V.) rises in atrial pressure during the infusion were associated with marked increases in cardiac output.
Angiotensin
Pertinent hemodynamic observations made during the administration of angiotensin are shown in Table IV .
Blood pressure and heart rate. A rise of arterial pressure to normal levels was observed in all but three of the subjects. In these three (A.A., R.W., and J.V.) infusion rates ranging from 22.5 to 60 ,ug per minute failed to produce any increase in arterial pressure. There was no correlation between total blood volume and cardiac output response to angiotensin. Total blood volume was measured in 17 of the patients and was reduced more than 1 SD below the normal range in seven. Cardiac output increased by an average of 439 ml per minute in the normovolemic group and by 729 ml per minute in the hypovolemic subjects.
Calculated peripheral vascular resistance rose by an average of 473 dyne-sec-cm-5 during the angiotensin infusions. The mean change was an increase-of 46.4% over control resistance ( Figure  3) . In four patients an increase in resistance did not occur. Two of these patients (A.A. and J.V.) apparently were resistant to the drug, since they received large doses without effect on arterial pressure or peripheral resistance. In the other two patients (C.C. and G.B.), calculated vascular resistance declined as a result of a marked increase in cardiac output.
Central blood volume and right atrial pressure. Central blood volume increased by an average of 98 ml during infusion of angiotensin (p < 0.02), and right atrial pressure rose insignificantly by 0.7 mm Hg. The adequacy of total blood volume appeared to have no influence on the changes noted in central blood volume. The increase in central blood volume with angiotensin averaged 136 ml in the normovolemic patients and 153 ml in the hypovolemic patients.
In three patients with signs of heart failure in the control period (C.H., A.A., and B.B.), progressive left ventricular failure accompanied the infusion of angiotensin. Patient B.B. became dyspneic and cyanotic with a rise of 504 ml in central blood volume and a slight decrease in cardiac output. He recovered promptly when the infusion was discontinued. Patient A.A. had no pressor response to angiotensin, but he exhibited a rise of 259 ml in central blood volume with a fall in cardiac output. His blood pressure fell progressively, and he expired shortly thereafter despite the administration of large doses of norepinephrine. Patient C.H. showed an initial well-tolerated rise in blood pressure to 112/70 mm Hg with angiotensin. However, 7 minutes later, with the infusion at the same rate, a fall in blood pressure to 88/56 mm Hg was accompanied by agitation, confusion, and dyspnea. He improved promptly when the angiotensin was discontinued and then responded satisfactorily to norepinephrine. Dye curves were not obtained during the angiotensin infusion.
Comparison between angiotensin and norepinephrine. The average increase in cardiac output that occurred during 24 infusions of norepinephrine (1,091 ml per minute) was significantly (p < 0.02) greater than the average increase of 359 ml per minute during 30 infusions of angiotensin. In patients without heart failure, norepinephrine was only negligibly more effective than angiotensin, whereas in patients with hypotension and concomitant heart failure, norepinephrine produced a much greater augmentation of cardiac output (Figure 4) .
Sixteen patients received separate infusions of norepinephrine and angiotensin in approximately equipressor doses. In these subjects, cardiac output during administration of norepinephrine averaged 3,936 ml per minute and during angiotensin 3,394 ml per minute (p < 0.05). Peripheral vascular resistance averaged 1,700 dyne-sec-cm-5 during norepinephrine and 2,041 dyne-sec-cm-5 during angiotensin (p < 0.05). Heart rate, right atrial pressure, stroke work, and central blood volume were not significantly different. Blood volume was reduced more than 1 SD below the predicted value in six of these patients. In these hypovolemic subjects, the average cardiac output during administration of angiotensin (3,470 ml per minute) was slightly higher than that during norepinephrine (3,268 ml per minute). In the seven patients with heart failure in this group, the cardiac output averaged 4,380 ml per minute during infusion of norepinephrine and only 3,661 ml per minute during angiotensin. No correlation was noted between the doses of these two drugs required to produce an equipressor effect. The ratio of the dose of norepinephrine to that of angiotensin required for a given patient ranged from 16:1 to 1:4.5. Discussion The cardiovascular effects of norepinephrine and angiotensin differ. Both agents produce arteriolar constriction (20) (21) (22) (23) (24) 33) , but norepinephrine also causes venoconstriction that decreases the peripheral vascular capacity (34, 35), whereas angiotensin lacks significant venoconstrictor effect (36) (37) (38) . Contractile force of the heart is markedly augmented by norepinephrine (39, 40) , but many investigators have suggested that angiotensin is essentially devoid of myocardial stimulating properties (21, 23, (41) (42) (43) (44) . In the isolated heart and heart-lung preparation, however, angiotensin has a prominent inotropic effect (26, (45) (46) (47) (48) . Although angiotensin may produce coronary vasoconstriction and a transient impairment of myocardial function (45) (46) (47) (48) (49) , sustained infusions result in an improvement in ventricular performance. Berry, Austen, and Clark (49) reported a prolonged increase in myocardial contractile force, and Yu and his associates (50) demonstrated increased cardiac work with a shift of the ventricular function curve to the left during administration of angiotensin.
In the intact subject, the pressor effect produced by norepinephrine and angiotensin stimulates baroreceptor activity, which tends to decrease heart rate and myocardial force and to dilate the peripheral vascular bed (51) (52) (53) , often resulting in a fall in cardiac output (21, 22, 33) . In the hypotensive patients in this report, these pressor drugs usually increased cardiac output and did not slow the heart, suggesting that a rise in arterial pressure to normal levels is not actively buffered by reflex adjustments. Three of the five hypotensive patients who had no increase in cardiac output during norepinephrine infusion reacted more like normal individuals. Although they were symptomatic from a reduction in arterial pressure, their control cardiac outputs were nearly normal, and norepinephrine produced cardiac slowing with no change or a slight fall in minute output.
Most of the hypotensive patients in this series exhibited an increase in calculated peripheral vascular resistance during administration of norepinephrine or angiotensin, but the pressor response in seven subjects was associated with no change or a fall in calculated resistance. A paradoxical fall in peripheral resistance during norepinephrine infusion also has been reported in hemorrhagic shock in dogs (8) . The increased transmural pressure associated with the pressor response results in passive dilatation of the arterioles that could obscure an active vasoconstrictor effect. However, the absence of an increase in peripheral resistance also could be explained in some patients by the greatly augmented cardiac output, which might induce relaxation of reflex vasoconstriction. A myocardial effect of these drugs in the absence of peripheral vasoconstriction could be the result of an early failure of resistance vessel response (54) or of a dissociation between the myocardial and vasoconstrictor effects of the drugs (55) .
The increase in cardiac stroke work during infusion of norepinephrine could be the result not only of a direct inotropic effect of the drug but also of venoconstriction, which reduces the capacity of the peripheral vascular bed and shifts blood centrally to increase cardiac filling pressure. In most instances, the increased right ventricular work load was accomplished with little or no rise in atrial pressure. Since left atrial pressures were not measured, assessment of changes in left ventricular filling pressure must be indirect. Central blood volume was calculated in this study from dye curves recorded from the femoral artery after injection of indicator in the right heart. In the absence of dramatic alterations in systemic flow distribution, changes in central blood volume should indicate changes primarily in the volume of the heart and pulmonary vascular bed. An increase in central blood volume without a rise in right atrial pressure or volume should reflect an increase in left heart filling pressure. Most of the patients had a modest increase in central blood volume during the norepinephrine infusion, and thus the increased left ventricular stroke work was probably accomplished in part by an increase in diastolic stretch of the ventricle (56) . A similar response has been observed during administration of norepinephrine to dogs (57). Although we have observed patients with markedly impaired left ventricular function who have developed pulmonary edema during infusion of norepinephrine (28) , this complication probably results from overdosage producing extreme elevations in aortic pressure and left ventricular work. With maintenance of blood pressure at normal levels, symptoms of pulmonary congestion did not occur in the present series of patients.
The importance of a normal blood volume with adequate stores in the venous capacitance vessels for mobilization into the central circulation is demonstrated in Figure 1 . Hypovolemic patients treated with norepinephrine had significantly less augmentation of central blood volume and left ventricular stroke work and a trend toward a smaller increase in cardiac output than the normovolemic patients. These results in patients with no evidence of external blood loss point out the need for recognition of occult blood volume depletion and its correction before the introduction of norepinephrine therapy. The influence of blood volume on the hemodynamic response to norepinephrine may help to explain the conflicting results reported with norepinephrine in experimental hemorrhagic shock (7) (8) (9) (10) (11) (12) (13) (64, 65) , and must be interpreted differently from that seen with norepinephrine. Angiotensin does not produce significant venoconstriction (36) (37) (38) , and the central blood volume effects in this study were not related to the adequacy of intravascular volume. An increase in left heart volume implies a transient inequality in the outputs of the right and left ventricles. Since angiotensin has little, if any, constrictor effect on the pulmonary vasculature (36, 50, 64) , it is likely that the systemic vasoconstriction produced by an infusion would acutely increase left ventricular pressure work and result in a greater stroke volume from the right than the left ventricle (36) . The blood accumulated in the lesser circulation would augment left ventricular filling and, in the presence of a competent heart, restore left ventricular output to match that from the right ventricle. Three patients in this series with severe myocardial disease developed evidence of acute left ventricular failure during the administration of angiotensin, suggesting that they could not adequately augment stroke work in response to an increase in filling pressure. However, most hypotensive patients, even those with acute myocardial infarctions, had no adverse effects during the infusion of angiotensin.
Conclusions as to the therapeutic efficacy of norepinephrine and angiotensin should be based upon knowledge of their regional hemodynamic and metabolic effects in hypotensive patients. But until these studies can be performed, the cardiac output must serve as an indicator of effects on blood flow. In patients with heart failure, where a potent inotropic stimulus may be an important factor, norepinephrine was considerably more effective than angiotensin in increasing cardiac output. When cardiac function was not impaired, and particularly when blood volume was depleted, both drugs produced similar effects on cardiac output.
Despite the increase in cardiac output, which frequently accompanied the infusion of norepinephrine and angiotensin in these hypotensive patients, output was restored to a normal range by these agents in only 6 of the 31 subjects. Therefore, although these drugs may be helpful in temporary support of the circulation, more effective means should always be sought to correct the individual patient's hemodynamic abnormality.
Summary
The hemodynamic effects of norepinephrine and angiotensin were studied in 31 patients with nonhemorrhagic shock or hypotension.
The rise in blood pressure with norepinephrine was accompanied by a slight increase in heart rate and an increase in cardiac output in most subjects, although the increase was attenuated in those patients with a reduced total blood volume. Peripheral vascular resistance was increased by the drug, but usually not to so great an extent as the cardiac output, and in several patients calculated resistance was not significantly increased. Central blood volume was increased in most patients, but care in preventing excessive blood pressure rises may have been responsible for the absence of episodes of pulmonary congestion in these patients.
Blood pressure was adequately controlled by angiotensin in all but three of the patients. Cardiac output was increased during 14 of the infusions and fell during 7, 5 of which were in patients with congestive heart failure. An increase in left ventricular stroke work was accompanied by evidence of increased cardiac filling pressure in most patients, but improved myocardial function during angiotensin infusion was demonstrated in some subjects. The increase in central blood volume usually was asymptomatic, but three patients with heart disease developed acute left ventricular failure requiring discontinuation of the drug.
Direct comparison between the hemodynamic effects of equipressor doses of the two drugs in 16 patients revealed that norepinephrine produced a slightly higher cardiac output than angiotensin. Norepinephrine was considerably more effective in patients with heart failure but not in those with reduced blood volumes.
The data indicate that these pressor drugs usually increase the cardiac output in hypotensive patients. The need for correction of occult volume depletion before administering norepinephrine and for caution in the use of angiotensin in patients with left ventricular failure is stressed. Since cardiac output was increased to normal in only six patients, it is suggested that these drugs seldom correct the hemodynamic abnormality and should be viewed primarily as emergency supportive therapy.
